
Intermediate	  Silicon	  Tracker	  
Overview	

RIKEN/RBRC	  
Itaru	  Nakagawa	

1	



Quick	  Overview	  of	  	  
Intermediate	  Silicon	  Tracker	  (INTT)	

R	  [cm]	 #	  of	  Ladders	

MAPS	
2.3	
3.1	
3.9	

INTT	

6	 18	
8	 24	
10	 30	
12	 36	

TPC	 20	  ~	  78	
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Total	  Number	  of	  Ladders=108	

Total	  10	  x	  2	  =	  20	  cells/ladder	

Si-‐Sensor	 HDI	



Role	  of	  INTT	
1.  Improved	  DCA	  measurements	  
•  Connect	  MAPS	  tracklets	  and	  TPC	  track	  
•  Reduce	  backgrounds	  in	  DCA	  

2.  Disentangle	  Pile	  up	  at	  high	  collision	  rate	  
•  Improve	  track	  finding	  efficiency	  in	  central	  Au-‐Au	  	  
•  Memory	  \me	  of	  INTT	  is	  less	  than	  1	  crossing.	  (MAPS,	  TPC	  

are	  mul\ple	  beam	  clocks).	  
3.  Contribute	  to	  TPC	  posi\on	  calibra\on	  	  
•  Iden\fy	  track	  posi\on	  for	  the	  space-‐\me	  calibra\on	  of	  TPC	  
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Boundary	  condi\on	  :	  
•  Goal	  of	  material	  budget	  is	  1%	  rad.	  Length	  per	  layer.	  
•  Minimum	  technical	  risk	  to	  be	  in	  \me	  for	  day-‐1.	  

6.2. Hit Efficiency

Multi-layer tracking detectors require a large intrinsic hit efficiency
in each sensor, that is, a high probability that a particle of interest will
produce a measured signal when traversing an active sensor layer.
To evaluate this efficiency in the FVTX, charged particle tracks which
are identified by hits in three of the FVTX stations are projected to
the fourth station. A hit cluster in the fourth station at the projected
position is assumed to be due to the charged track, which is a good
assumption for the low occupancy pþp events used in this study.

The probability of finding a hit at the projected spot in station
2 using tracks identified by hits in stations 0, 1, and 3 is shown in
Fig. 33, as a function of the angle ϕ around the disk, using data
recorded during the 2013 RHIC pþp run. The extracted efficiencies
shown in this plot include the intrinsic efficiency of the detectors as
well as any efficiency loss due to dead channels, chips, or DAQ
channels. The peak efficiencies are above 95% indicating that the
intrinsic efficiency of the detector is quite high. The area near ϕ¼901
in the North arm has a low hit efficiency due to a broken component
on a ROC board, which prevented several wedges from being read out.
However, the overall live area during the 2013 run was greater
than 95%.

6.3. Alignment and residuals

Misalignment of the silicon wedges relative to each other and
multiple scattering of particles as they pass through the FVTX
sensor material will have a detrimental effect on the ultimate
tracking resolution of the detector. The internal detector alignment
was performed using data taken with the PHENIX magnets turned
off, so all charged particles travel in straight lines. The MILLEPEDE-
II [22] package was used to internally align all detector elements.

After detector alignment was performed, the FVTX single hit
resolution was determined with straight-line tracks found in the
FVTX, matched with tracks found in the muon spectrometer, from
pþp collisions recorded with the PHENIX magnets turned off.
These tracks typically have a total momentum p43 GeV=c. After
finding tracks with hits in three FVTX stations, the track residual
for the fourth station is found by calculating the distance between
the track projection and the center of the nearest FVTX hit cluster
in that station. The width of this track residual distribution is
determined by the hit position resolution in each station and the
distance between tracking layers. To find the single-particle hit
position resolution for a single station, a correction is applied to
the track residuals, which was determined from linear regression
assuming a common single-particle hit position resolution in the

three stations used to find the track and a common distance
between the stations. The scaled track residuals, which represent
the single-particle hit position resolution, are shown in Fig. 34 for
the innermost tracking station in the north and south arms. The
position resolution for each of the eight stations varies between 24
and 28 μm, which is within the design parameters.

6.4. Electronic noise

The FPHX chip was designed to have a relatively low noise of
#500 electrons when wire bonded to the actual FVTX sensor (see
Section 3.2). The electronic noise in the detector is monitored
periodically using the calibration system. During calibration, groups
of 10 signal pulses of a given height are sent to an injection capacitor
at the front-end of the read-out chip, while the signal height is
scanned across the discriminator threshold. The noise level is char-
acterized by the broadening of the hit efficiency threshold as shown in
Fig. 35. A normal cumulative distribution function is used to fit the
data. The noise level is parametrized by the width, s, of the fit
function.

A histogram of the noise level for all operating channels is shown
in Fig. 36. The average electronic noise level is between 350 and 380
electrons, which is significantly lower than the nominal discriminator
threshold of #2500 electrons. This level of electronic noise is well
within design parameters of the FPHX chip and read-out system.

7. Summary and conclusion

This paper presents a comprehensive report on the design,
construction, and operation of a Forward Silicon Vertex Detector,
the FVTX, for the PHENIX experiment at RHIC. The detector
consists of four layers of silicon mini-strip sensors at forward
and backward rapidity, and enhances the capabilities of the
existing PHENIX muon arms by providing precision tracking of
charged particles before they interact in the hadron absorber. It
was first installed and operated at PHENIX prior to the 2012
RHIC run.

The detector active area covers the full azimuthal angle over the
forward rapidity range 1:2o jηjo2:2. Each individual silicon sensor is

−100 0 100 200 300 400 500 600
−5

0

5

10

15

20

25

30

35

40

Defualt 2 BCO trigger window →

Defualt 1 BCO trigger window →

Hit Time (ns)

H
it 

Yi
el

d 
pe

r E
ve

nt

Fig. 32. Timing distribution of the FVTX hits relative to the RHIC beam clock.
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Fig. 33. Hit efficiency for FVTX station 2 as a function of ϕ.
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INTT	  Barrel	  Tracker	INTT

• Identical ladders form 4 barrels at R=6, 8, 10, and 12 cm
• Made of 108 ladders of 2cm wide x 24 cm active area
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Silicon	  Sensors,	  Silicon	  Module	  and	  Ladder	

Sensor = 2x10 sensor cells

Si module = Half ladder = sensor + 20 FPHX + 1 HDI

Ladder = 2 half ladder + stave (cooling/support)

cell = 128 mini-strips

FPHX

HDI (read-out bus)

5	



Leading	  Sensor	  Op\ons	
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Well	  established	  technology	  
single	  sided	  silicon	  strip	  sensors	  

(Hamamatsu	  Co.)	  	

Challenge	  to	  develop	  thinning	  sensor	  to	  reduce	  material	  budgets.	  	  
Standard	  thickness	  320µm	  -‐>	  Thinned	  sensor	  200	  –	  240	  µm?	  	
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Prototype	  single	  sided	  silicon	  strip	  sensor	  design	  by	  Hamamatsu	  Co.	



Readout	  Chip	  Selec\on	

FVTX	  Silicon	  Module	  for	  PHENIX	

FPHX	  Chip	
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•  FPHX	  Chip	  is	  to	  be	  used.	  
•  Designed	  by	  FNAL	  for	  PHENIX	  FVTX	  
•  Low	  power	  consump\on	  
compared	  to	  SVTX4	  by	  factor	  of	  5.	

FPHX	  SpecificaLons	

Channel	 128	

dimension	 9	  x	  2.7mm	

Input	  
capacitance	 1.5pF	

Gain	
50	  –	  

200mV/fC	
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FPHX	  Power	  Consump\on	
SpecificaLon	 FPHX	

ADC/channel	 3	  bits	

Power	  Consump\on	 64	  mW	  	

Cooling	 Solid	  conduc\ve	

Design and specifications are each subject to change without notice.  Ask factory for the current technical specifications before purchase and/or use.
Should a safety concern arise regarding this product, please be sure to contact us immediately.

“PGS” Graphite Sheets

Features

Recommended applications

● Excellent thermal conductivity : 700 to 1950 W/(m·K)
 (2 to 5 times as high as copper, 3 to 8 time as high as aluminum)
● Lightweight: Specifi c gravity : 0.85 to 2.13 g/cm3

 (1/4 to 1/10 of copper, 1/1.3 to 1/3 of aluminum in density)
● Flexible and easy to be cut or trimmed. (withstands repeated bending)
● Low thermal resistance
● Low heat resistance with fl exible Graphite sheet (SSM) 
● Low elasticity and easy to keep the product's shape after attaching (SSM) 
● Siloxane Free(SSM)
● High dielectric voltage : 17 kVac/mm (SSM)  
● RoHS compliant

● Smart phones, Mobile phones, DSC, DVC, Tablet PCs, PCs and peripherals, LED Devices
● Semiconductor manufacturing equipment (Sputtering, Dry etching, Steppers)
● Optical communications equipment

“PGS” Graphite Sheets

Type: EYG
“PGS (Pyrolyt ic Graphite Sheet)” is a thermal 
interface material which is very thin, synthetically 
made, has high thermal conductivity, and is made 
from a higly oriented graphite polymer f i lm. It 
is ideal for providing thermal management/heat-
sinking in limited spaces or to provide supplemental 
heat-sinking in addition to conventional means. 
This mater ia l  is  f lex ible and can be cut  into 
customizable shapes.
"SSM(Semi-Sealing Material)" is the product which is 
copounding PGS Graphite sheet and High thermal 
conductive Elastomer resin. It has a function to absorb 
heat by resin and release the heat by utilizing high 
thermal conductivity of PGS Graphite sheet. It also 
enables taking better attachment to the component 
which has different height on the electronic board,  
reducing stress to the electronic board. 
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Xrad	  [µm]	 Xrad/X0	  [%]	

100	  -‐	  500	 0.05	  –	  0.25	  	

Owing	  to	  low	  power	  consump\on	  of	  FPHX	  chip,	  the	  cooling	  system	  can	  be	  
simplified.	  This	  helps	  to	  reduce	  the	  material	  budget	  comes	  from	  the	  cooling	  system.	

Material	  Budget	  for	  cooling	  op\ons	

Liquid	  >	  Air	  >	  Solid	  conduc\ve	  	

High	  thermal	  conduc\ve	  sheet:	  
•  Factor	  of	  2	  to	  5	  higher	  

Conduc\vity	  than	  Al	  
•  Widely	  used	  for	  heat	  dilu\on	  of	  

smart	  phones	  
•  To	  be	  glued	  on	  the	  back	  side	  of	  

HDI	  to	  remove	  the	  heat	  from	  
FPHX	  chips	  efficiently.	  



Transforma\on	  of	  FVTX	  to	  Barrel	  Tracker	

The	  shape	  of	  the	  sensor	  and	  readout	  HDI	  needs	  to	  be	  re-‐designed	  in	  order	  to	  
form	  the	  barrel	  type	  geometry.	  This	  doesn’t	  mean	  the	  electrical	  circuit	  has	  to	  
be	  re-‐designed	  from	  the	  scratch.	  	  The	  electrical	  design	  will	  be	  the	  same.	  	 9	

Si-‐Sensor	 HDI	

Disk	  Type	 Barrel	  Type	

Trapezoid	  Shape	 Rectangular	  Shape	



HDI	  Design	

FVTX	

INTT	

FVTX	 INTT	

#	  Layers	 7	 7	

Pitch	  [µm]	 40	 60	  -‐>	  ?	
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The	  INTT	  HDI	  prototype	  circuit	  is	  designed	  based	  on	  the	  FVTX	  circuit	  drawing.	  
The	  line	  spacing	  pitch	  for	  FVTX	  was	  the	  cunng	  edge	  40µm,	  but	  this	  can	  be	  
relaxed	  for	  INTT	  due	  to	  rela\vely	  relaxed	  geometrical	  constraint.	

U1	 U2	 U3	 U4	 U5	 U6	 U7	 U9	U8	 U10	

FPHX	  Chips	



FVTX	  Readout	  Chain	

ROC	

Silicon	  Module	

ROC	

FEM-‐IB	

PC	
LV,	  HV	  
Units	

FEM	 DCM-‐II	

Slow	  Control	
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Readout	  Controller	

Front	  End	  Module	
Data	  Collec\on	  Module-‐II	

FEM-‐Interface	  Board	



INTT	  Readout	  Chain	

ROC	

Silicon	  Module	

ROC	

FEM-‐IB	

PC	
LV,	  HV	  
Units	

FEM	 DCM-‐II	

Slow	  Control	
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Readout	  Controller	

Front	  End	  Module	
Data	  Collec\on	  Module-‐II	

FEM-‐Interface	  Board	

Only	  this	  part	  needs	  
to	  be	  developed	

Components	  of	  the	  FVTX	  readout	  chain	  will	  be	  adapted	  for	  the	  INTT	  	



INTT	  Readout	  Chain	

ROC	

Silicon	  Module	

ROC	

FEM-‐IB	

PC	
LV,	  HV	  
Units	

FEM	 DCM-‐II	

Slow	  Control	
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The	  en\re	  read-‐out	  chain	  of	  FVTX	  system	  will	  be	  re-‐used	  in	  INTT.	  
This	  will	  reduce	  the	  technical	  risk	  and	  cost.	  	  	



Collabora\ng	  Ins\tutes	  and	  Exper\se	  	
•  RIKEN	  (Y.	  Akiba,	  I.	  Nakagawa)	  

–  Conducted	  the	  PIXEL	  detector	  for	  PHENIX.	  In	  charge	  of	  design	  work	  and	  	  
procurements	  of	  silicon	  sensors	  and	  HDIs	  with	  Japanese	  companies.	  	  

•  RBRC	  (T.	  Hachiya,	  G.	  Mitsuka,Y.	  Yamaguchi)	  
–  Assembly	  and	  tes\ng	  silicon	  module.	  Physics	  simula\on	  and	  configura\on	  

op\miza\on.	  Adapt	  FVTX	  readout	  electronics.	  
•  BNL	  (J.	  Huang,	  M.	  Lenz,	  E.	  Mannel,	  R.	  Nouicer,	  R.	  Pisani)	  

–  Engineering	  and	  assembly	  of	  the	  ladder	  and	  support	  structures.	  
•  Rikkyo	  (H.	  Masuda)	  

–  FPGA	  coding	  in	  readout	  electronics	  and	  slow	  controls	  and	  tes\ng	  prototypes.	  	  
•  Nara	  Woman’s	  University	  (M.	  Shimomura)	  

–  Tes\ng	  prototypes	  and	  produc\ons.	  
•  LANL	  (M.	  Brooks,	  M.	  Liu)	  

–  Played	  leading	  role	  in	  FVTX	  detector	  development.	  Consultant	  for	  the	  
applica\on	  of	  FVTX	  	  	  electronics	  to	  INTT.	  

•  J-‐Parc	  (S.	  Hasegawa,	  H.	  Sako)	  
–  Addi\onal	  funding	  and	  co-‐development	  of	  silicon	  sensors.	  

*FVTX	  expert	 14	



R&D	  Schedule	  JFY2016	
2016 Month	 Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec	Jan	Feb	Mar	Apr	Resource	 Design	

s1 Prototype-I	 Production	

 Silicon Sensor	 　	 RIKEN	 Test	

 HDI	 　	 　	 　	 RIKEN	

 Silicon Module	 　	 　	 　	 RBRC,BNL	

s0 Prototype-I	

 Silicon Sensor	 　	 　	 　	 RIKEN,BNL	

 HDI 	 　	 　	 　	 　	 　	 RIKEN	

 Silicon Module	 　	 　	 　	 　	 RBRC,BNL	

Today	
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Issues	  and	  concerns	

•  Mechanical	  engineering	  
•  Radia\on	  monitoring,	  radia\on	  environment	  
•  Thinner	  silicon	  sensors	  than	  the	  standard	  
thickness.	  	  

•  High	  thermal	  conduc\vity	  plate	  cooling	  (to	  be	  
proven	  by	  R&D)	  

•  Known	  issues	  of	  FVTX	  readout	  (data	  packets	  
drop	  off	  in	  the	  middle	  of	  run)	  to	  be	  resolved.	  
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Summary	

•  Intermediate	  tracker	  to	  improving	  the	  tracking	  performance	  
in	  high	  mul\plicity	  circumstance.	  
–  Mul\-‐layers	  tracking.	  
–  INTT	  tracker	  is	  to	  be	  built	  with	  small	  material	  budget	  ~1%	  for	  the	  
tracking	  performance.	  

–  Thinner	  silicon	  sensor	  and	  high	  thermal	  conduc\ng	  plate	  for	  
cooling	  to	  save	  material	  budget.	  

•  Stay	  with	  well	  established	  technology	  to	  minimize	  technical	  
challenge	  to	  be	  in	  \me	  for	  day-‐1	  experiment.	  
–  Single	  sided	  silicon	  sensors	  
–  Reduce	  the	  cost	  of	  R&D	  and	  produc\on.	  

•  Reuse	  FPHX	  Chip	  
•  Reuse	  FVTX	  readout	  electronics	  (ROC,	  FEM,	  DCM-‐II,	  Slow	  control	  
systems).	
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BACKUP	  SLIDES	

18	



s0	  Sensor	  Design	
Ｓ０用センサー

128 ストリップ
ストリップ幅 84um
ストリップ長 12mm
ブロックの幅 128 x 84 = 10,752um
ブロックの長 12mm

１センサーに上記のブロックが
２ｘ１０ある。
アクティブ領域は21.504mm x 120 mm
各ブロックは上下の読出しパッドでよまれる
各読出しパッドのブロックは１２８ｃｈで
前回試作したＳ１センサーと同じにする。

このセンサー４枚を１枚のウエハーから切り出せるようにしたい。可能でしょうか？
もし無理なら、84umのストリップ幅を少し細くすることで、４枚取れるようにしたい。

厚みは320 um または 240 um または 200 um. 

Ｓ０用センサー
128 ストリップ
ストリップ幅 84um
ストリップ長 12mm
ブロックの幅 128 x 84 = 10,752um
ブロックの長 12mm

１センサーに上記のブロックが
２ｘ１０ある。
アクティブ領域は21.504mm x 120 mm
各ブロックは上下の読出しパッドでよまれる
各読出しパッドのブロックは１２８ｃｈで
前回試作したＳ１センサーと同じにする。

このセンサー４枚を１枚のウエハーから切り出せるようにしたい。可能でしょうか？
もし無理なら、84umのストリップ幅を少し細くすることで、４枚取れるようにしたい。

厚みは320 um または 240 um または 200 um. 

Number	  of	  Strips	 128	

Strip	  	  width	 84	  	  um	

Strip	  length	 12	  mm	

Block	  Width	 128	  ×	  84	  um	  =	  10.752	  mm	

Block	  Length	 12	  mmm	

Number	  of	  Blocks	 12	  ×	  2	  =24	

Ac\ve	  Are	 (2	  ×	  10.752)	  mm	  	  ×	  (12	  ×	  10)	  mm	

Silicon	  Cell	  	

Silicon	  Sensor	  	

19	
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Managements	

•  Project	  manager	  (Itaru	  Nakagawa)	  
•  deputy	  manager	  (Rachid	  Nouicer)	  
•  Subsystem	  managers	  
– Detector	  assembly	  and	  construc\on	  (Rachid	  Nouicer)	  
– Mechanical	  and	  integra\on	  (Rob	  Pisani)	  
– Electronics	  and	  readouts	  (Eric	  Mannel	  and	  Takashi	  
Hachiya)	  

– Soxware	  (Gaku	  Mitsuka)	  
– LV	  +	  HV	  and	  Slow	  control	  (Yorito	  Yamaguchi)	  	  
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Outline	

•  Role	  of	  the	  intermediate	  tracker	  (INTT)	  
•  INTT	  concept	  
– Configura\on	  
– Technology	  
– Cost	

21	



Technological	  Choice	

Double	  sided	  sensor	  
SVX4	  chip	

Single	  sided	  sensor	  
FPHX	  chip	Te

ch
ni
ca
l	  R
IS
K	
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Collabora\on	

•  RIKEN	  (Y.	  Akiba,	  I.	  Nakagawa)	  
•  RBRC	  (T.	  Hachiya,	  G.	  Mitsuka,Y.	  Yamaguchi)	  
•  BNL	  (J.	  Huang,	  M.	  Lenz,	  E.	  Mannel,	  R.	  Nouicer,	  R.	  
Pisani)	  

•  Rikkyo	  (H.	  Masuda,	  Kazu	  Kurita?)	  
•  Nara	  woman’s	  university	  (M.	  Shimomura)	  
•  LANL	  (M.	  Brooks,	  M.	  Liu)	  
•  New	  Mexico	  (D.	  Field*)	  
•  J-‐Parc	  (S.	  Hasegawa,	  H.	  Sako)	  
•  Tsukuba	  (S.	  Esumi)	  
*FVTX	  expert	
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Basic	  Project	  Philosophy	
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Basic	  Design	  Philosophy	
Technology	
•  Employ	  exis\ng	  technology	  	
•  Employ	  technology	  we	  are	  familiar	  with	

Man	  Power	
• Collaborate	  with	  Ins\tutes	  which	  have	  the	  
experience	  and	  infrastructure	

Minimum	  Cost	
•  Li{le	  “R”	  and	  rather	  focus	  on	  “D”	
• As	  compact	  as	  possible	

Schedule	
•  To	  be	  in	  Lme	  for	  2022	
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Quick	  Overview	  of	  	  
Intermediate	  Silicon	  Tracker	  (INTT)	

R	  [cm]	 #	  of	  Ladders	

MAPS	
2.3	
3.1	
3.9	

INTT	

6	 18	
8	 24	
10	 30	
12	 36	

TPC	 20	  ~	  78	

INTT	

TPC	

MAPS	

80cm	

26	

Total	  Number	  of	  Ladders=108	

Total	  10	  x	  2	  =	  20	  cells/ladder	

Si-‐Sensor	 HDI	



Technical	  Challenge	

•  Thinner	  Silicon	  Sensor	  
–  Trade	  off	  of	  S/N	  ra\o	  

•  Solid	  Coolings	  
	  

•  Adap\on	  of	  FVTX	  Electronics	  to	  INTT.	  
27	
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Dark	  Current	  [uA]	

320	  um	   240	  um	  

x6	

Design and specifications are each subject to change without notice.  Ask factory for the current technical specifications before purchase and/or use.
Should a safety concern arise regarding this product, please be sure to contact us immediately.

“PGS” Graphite Sheets

Features

Recommended applications

● Excellent thermal conductivity : 700 to 1950 W/(m·K)
 (2 to 5 times as high as copper, 3 to 8 time as high as aluminum)
● Lightweight: Specifi c gravity : 0.85 to 2.13 g/cm3

 (1/4 to 1/10 of copper, 1/1.3 to 1/3 of aluminum in density)
● Flexible and easy to be cut or trimmed. (withstands repeated bending)
● Low thermal resistance
● Low heat resistance with fl exible Graphite sheet (SSM) 
● Low elasticity and easy to keep the product's shape after attaching (SSM) 
● Siloxane Free(SSM)
● High dielectric voltage : 17 kVac/mm (SSM)  
● RoHS compliant

● Smart phones, Mobile phones, DSC, DVC, Tablet PCs, PCs and peripherals, LED Devices
● Semiconductor manufacturing equipment (Sputtering, Dry etching, Steppers)
● Optical communications equipment

“PGS” Graphite Sheets

Type: EYG
“PGS (Pyrolyt ic Graphite Sheet)” is a thermal 
interface material which is very thin, synthetically 
made, has high thermal conductivity, and is made 
from a higly oriented graphite polymer f i lm. It 
is ideal for providing thermal management/heat-
sinking in limited spaces or to provide supplemental 
heat-sinking in addition to conventional means. 
This mater ia l  is  f lex ible and can be cut  into 
customizable shapes.
"SSM(Semi-Sealing Material)" is the product which is 
copounding PGS Graphite sheet and High thermal 
conductive Elastomer resin. It has a function to absorb 
heat by resin and release the heat by utilizing high 
thermal conductivity of PGS Graphite sheet. It also 
enables taking better attachment to the component 
which has different height on the electronic board,  
reducing stress to the electronic board. 
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FVTX	  Detector	

FPHX	
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